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Diarylpyrimidine (DAPY) non-nucleoside reverse transcriptase inhibitors (NNRTIs) have inherent 
flexibility, helping to maintain activity against a wide range of resistance mutations. Crystal structures 
were determined with wild-type and K103N HIV-1 reverse transcriptase with etravirine (TMC125) and 
rilpivirine (TMC278). These structures reveal a similar binding mode for TMC125 and TMC278, 
whether bound to wild-type or K103N RT. Comparison to previously published structures reveals 
differences in binding modes for TMC125 and differences in protein conformation for TMC278. 


Introduction 


HIV-1 reverse transcriptase (RT“) performs an integral part 
of HIV-1 virus replication and is a major target for antiretro- 
viral therapies. There are currently two classes of RT inhibitors 


used in clinical treatment. Nucleoside and nucleotide reverse 


ase function allosterically.' Both classes of RT inhibitors are 
critical components of HAART (highly active antiretroviral 
therapy) for the treatment of HIV infection. Despite the 
success of combination therapy, the emergence of drug resis- 
tance is still problematic. Thus, the development of new 
NNRTIs with improved resistance profiles continues to be 
an active area of research. 


many common features. Early NNRTIs relied heavily on 


-stacking interactions to Y181 and Y188, which can easily 
mutate, conferring resistance. New NNRTIs endeavored to 
reduce these interactions, relying more on W229 for example, 


which is less prone to mutation. Importantly, a common 
feature of newer NNRTIsis the addition of a central hydrogen 
bond to the backbone carbonyl of Lys101. 


There are currently four approved drugs that target the 


NNIBP. Delavirdine and nevirapine are considered first generation 


¥ Atomic coordinates and structure factors have been deposited in the 
Protein Data Bank. PDB codes with HIV-1 RT WT-TMC125, K103N- 
TMC125, WT-TMC278, and K103N-TMC278 are 3MEC, 3MED, 
3MEE, and 3MEG, respectively. 
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“Abbreviations: DAPY, diarylpyrimidine; NNRTI, non-nucleoside 
reverse transcriptase inhibitor; RT, reverse transcriptase; NNIBP, non- 
nucleoside inhibitor-binding pocket; HAART, highly active antiretro- 
viral therapy; rmsd, root-mean-square deviation. 
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NNRTIs and show a dramatic loss of activity with single 
point mutations in the NNIBP. Efavirenz is effective against 


many point mutations; however, efficacy is strongly compro- 
mised by the K103N mutation. K103N is the most prevalent 
NNRTI resistance-associated mutation. In recent studies, it 
has been observed in nearly 57% of NNRTI-resistant HIV-1 
clinical isolates.” Tibotec Pharmaceuticals, Ltd. developed 


etravirine (TMC125), and it is now marketed by Tibotec 


Therapeutics, a division of Ortho Biotech Products, L.P. 
under the brand name Intelence.* TMC125 recently attained 
accelerated/conditional approved for use in treatment- 
experienced adult patients. Rilpivirine (TMC278) is currently 
under development by Tibotec Pharmaceuticals, Ltd. and has 
progressed into late stage clinical trials. 


`= TMC125 and 


innate flexibility between aromatic rings, allowing the com- 
pound to adopt multiple conformations, and is one expla- 
nation for the potent activity against many resistant virus 
strains.” 


D Consequently, this 


highlights the importance of obtaining high-quality experi- 
mental data on the binding of NNRTIs. The ability to obtain 
structural data for RT with TMC125 or TMC278 may be 
hampered by the conformational flexibility of the compounds. 
Prior cocrystal structures reported in the DAPY series were of 
wild-type RT with TMC120 and R185545, mutant K103N 
RT with TMC125,’ and recently, cocrystal structures of wild- 
type and mutant RT with TMC278.'° However, to obtain the 
crystal structures with TMC278, a mutant RT was engineered 
that more readily crystallized with TMC278.''! The purpose 
of this study was to obtain crystal structures of DAPY 


NNRTIs with a more physiological form of RT. Crystal 
structures of wild-type and K103N HIV-1 RT in complexes 


with TMC125 and TMC278 are reported here. 
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Results 


To obtain cocrystals with TMC125 and TMC278, a crystal 
seeding strategy was employed using previously grown co- 
crystals of RT with nevirapine as seeds to obtain new cocrys- 
tals with TMC125 or TMC278 (Experimental Section). The 
cocrystals with the respective DAPY compounds were then 
used as seeds in another round of cocrystallization to ensure 
that the initial nevirapine cocrystals were insignificant by mass 
and not biasing structure determination. Table 1 lists data 
collection and refinement statistics. 

Structures of Wild-Type and K103N RT with TMC125. 
Because of the limited structural information for TMC125 
binding to RT, our goal was to provide insight into the 
potent activity of TMC125 against RT through structural 
investigation. TMC125 is bound with the central pyrimi- 
dine ring positioned between L100 and V179 (Figure 2A). 
The primary amine and bromo substituents point toward an 
opening in the pocket between K 101 on the p66 subunit and 
E138 of the p51 subunit. Many next generation NNRTIs rely 
on a key hydrogen bond interaction between the K101 and 
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Figure 1. Chemical structures of selected NNRTIs. 


Table 1. X-ray Data Collection and Refinement Statistics 


Lansdon et al. 


the inhibitor. This conserved hydrogen bond (2.6 A) is also 
observed in TMC125. The benzonitrile is positioned in a 
pocket defined by V106, P225, P236, F227, Y318, and L234. 
The linear nitrile group is positioned among the side chain of 
F227 and the backbone of H235 and P236. K103 has strong 
electron density for the entire side chain and lies below the 
pyrimidine and benzonitrile rings. No polar interactions are 
observed for the side chain to TMC125; however, possible 
contributions to binding of TMC125 are made via van 
der Waals interactions which have previously been hypothesized 
to aid in the binding of efavirenz in this region of the pocket.'” 

The dimethylcyanophenyl substituent is positioned toward 
the subpocket lined with the aromatic side chains Y188, 
W229, and F227. The p-cyano group is located in a hydro- 
phobic area between the W229 and F227 side chains. Both 
cyano groups of TMC125 lie on either side of F227, forming 
the prototypical horseshoe shape observed in the crystal 
structure of wild-type RT with TMC120 and R185545.” 

In the previously reported structure of K103N RT with 
TMC125, the DAPY compound did not form the anticipated 
horseshoe shape, displaying the ether linked dimethylcyano- 
phenyl in an up position across Y181 and Y188 (see Dis- 
cussion). Given that the horseshoe shape is observed in this 
wild-type RT structure, we decided to additionally determine 
the structure of the K103N mutant RT with TMC125 using the 
same crystallization method (Figure 2B). With the K103N RT 
mutation, the horseshoe conformation of TMC125 is main- 
tained as observed in the wild-type structure. Consistent with 
the wild-type structure, the conserved hydrogen bond between 
the secondary amine and K101 backbone carbonyl (2.7 A) is 
present. The N103 side chain sits below TMC125, and the NH3 
or O is within 3.3 A of the secondary amine (the amide 
conformation is ambiguous). The lack of structural diversity 
between wild-type and K103N RT is consistent with other 
reports of the K103N mutation where no changes in compound 
binding was observed compared to wild-type RT.'*'? 

Structures of Wild-Type and K103N RT with TMC278. 
Because of the documented difficulty in obtaining cocrystal 
structures with TMC278, we felt that employing similar 
methods as with TMC125 might lead to structures with 
TMC278. Indeed, structures were determined with wild-type 


WT-TMC125 K103N-TMC125 WT-TMC278 K103N-TMC278 
Data Collection 
X-ray source ALS BL5.0.1 ALS BL5.0.2 ALS BL5.0.1 ALS BL5.0.1 
wavelength (A) 0.98 1.00 0.98 0.98 


unit cell (a, b, c in Ay‘ 
resolution (A) 
no. of reflections 


119.0, 154.1, 154.8 
50.0—2.3 (2.34—2.3) 
282 264 


119.6, 154.0, 153.5 
50.0—2.5 (2.55—2.50) 
196 934 


119.6, 155.0, 153.5 
50.0—2.4 (2.45—2.40) 
209 187 


119.6, 154.9, 153.7 
50—2.8 (2.85—2.80) 
138 388 


no. unique 62068 46 069 54926 33 790 
Ijo 17.1 (3.6) 21.2 (3.6) 15.9 (2.8) 17.0 (3.0) 
Rere P (%) 5.8 (44.3) 5.3 (47.7) 5.9 (46.9) 6.2 (50.8) 
completeness (%) 99.2 (99.5) 94.0 (92.6) 98.2 (98.0) 94.9 (91.3) 
Refinement Statistics 
resolution (A) 30.0-2.3 30.0-2.5 30.0—-2.4 30.0-2.8 
no. reflections (F = 0) 57048 42705 49 305 30432 
R-factor © 22.6 22.4 22.2 22.9 
Reree © 27.0 27.7 26.1 28.9 
rms bond lengths (A) 0.008 0.008 0.008 0.009 
rms bond angles (deg) 1.1 1.2 lf 1.2 


“ All crystals belong to space group C222,.” Rmerge = DOA ilh — Lnil/S2AD ilhi] where J, is the mean of Ji; observations of reflection A. Numbers in 
parentheses represent highest resolution shell. © R-factor and Reree = X ||Fovs| — |Featel|/S>|Fovs| x 100 for 95% of recorded data (R-factor) or 5% of 


data (Rfree). 
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Figure 2. Cocrystal structures of (A) HIV-1 RT with WT-TMC125, 
(B) K103N-TMC125, (C) WT-TMC278, and (D) K103N-TMC278. 
Shown in blue mesh and contoured at |.0a is the composite omit map 
drawn around the inhibitor. The omit map for the K103(N) side 
chain is shown in red mesh. The hydrogen bond between the 
secondary amine and the main chain carbonyl of Lys101 is illustrated 
with a dashed line. All structure figures were generated by Pymol 
(www.pymol.org). 


RT and TMC278 without modification of our cocrystalliza- 
tion approach (Figure 2C). The inhibitor is positioned in a 
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similar fashion as TMC125 in the NNIBP, adopting the 
expected horseshoe type shape. The pyrimidine ring of 
TMC278 is situated between V179 and L100 in the NNIBP 
with the secondary amine making the conserved hydrogen 
bond with K101 (2.7 A). As noted in the wild-type TMC125 
structure, the K 103 side chain is well ordered and is located 
below the benzonitrile and pyrimidine rings. The dimethyl- 
phenylacrylonitrile group sits across Tyr181 and Tyr188 side 
chains. The electron density for the acrylonitrile drops off 
toward the end of the group, consistent with an increase in 
temperature factors for these atoms compared to the better 
positioned aromatic rings of TMC278. As previously ob- 
served, the acrylonitrile protrudes through a hydrophobic 
opening formed by residues W229, Y188, F227, and L234,'° 

TMC278 was also cocrystallized with K103N RT to gain 
insight into the nature of retained activity against this impor- 
tant resistance mutation (Figure 2D). The position of TMC278 
in the pocket reveals no evidence of shifting in response to the 
K103N mutation. N103 sits below TMC278, and the amide 
forms a long-range hydrogen bond to the secondary amine 
linker (3.1 A) and the carbonyl of K101 (3.0 A). 

Comparison of TMC125 and TMC278 Binding Modes with 
RT. The flexible linkers connecting aromatic rings in the 
DAPY compounds allow for the possibility of many con- 
formations; however, the inhibitors in the structures here 
adopt very similar positions in the NNIBP (Figure 3). Table 
2 lists the torsion angles among the aromatic rings in these 
structures. Because of the lack of substituents, the pyrimi- 
dine ring of TMC278 slides closer to E138 (p51) than 
observed with TMC125 (from 4.3 to 3.8 A). Given the 
adjusted position of the TMC125 pyrimidine in the pocket, 
the benzonitrile is shifted closer to the protein backbone near 
V234. The main differences in protein conformation are 
observed in sheets 612—613—$14. The cyano group in 
TMC125 pushes further toward H235 and P236, resulting 
in the 613-614 loop projecting from the NNIBP more than 
what is observed for TMC278. 

The interactions with Y181 and Y188 are also somewhat 
different between TMC125 and TMC278. The larger di- 
methylphenylacrylonitrile group of TMC278 interacts with 
Y181 and Y188 more than the dimethylcyanophenyl or 
TMC125. Notably, the acrylonitrile of TMC278 protrudes 
further into the pocket formed between W229 and F227. As 
such, the 612 sheet is shifted to allow the acrylonitrile group 
to position among these two side chains. 


Discussion 


The difficulty of generating cocrystal structures of RT with 
TMC125 and TMC278 has been reported several times.” |! 
There has been one previously reported structure of the 
K103N resistance mutation with TMC125, PDB code 
ISVS.” Significant differences exist between the structures 
reported here for TMC125 and the previously published 
structure which is highlighted by a rmsd of 1.1 A between 
K103N RT structures (Figure 4A). The conserved hydrogen 
bond between TMC125 and K101 carbonyl is not maintained 
in ISVS, although there is a hydrogen bond (2.7 A) to the 
carbonyl of K102. The binding mode of TMC125 in 1SV5 
brings the primary amine within 2.4 A of the main chain 
nitrogens of K102 and K103. Another major difference 
between the structures is the position of the dimethylcyano- 
phenyl group. In 1SV5, this pendent group is pointed up 
between Y181 and Y188, in contrast to the structure reported 
here, where this ring lies across these aromatic residues, 
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Figure 3. Stereodiagram showing the comparison of the four RT structures with TMC125 and TMC278. The color scheme is the same as 
Figure 2. All alignments were created by superimposing Ca atoms from residues 94—118, 156—215, 225—243, and 317—319 of the p66 subunit 
and 137—139 of the p51 subunit. Only residues that were used in the superposition are shown with the exception of 94—100 which were removed 


to give an unobstructed view of the binding pocket. 


Table 2. Torsion Angles (deg) of TMC125 and TMC278 When Bound 
to RT 


N 
Iji 
N 
S Iji 
tS 
tl T2 
HN N NH 
oy N 
aN 
tl T2 T3 T4 T 
WT-TMC125 —95 16 —13 =3 
K103N-TMC125 —91 22 —18 —1 
WT-TMC278 —96 0 —21 =] 180 
K103N-TMC278 —97 0 —20 =] 179 


forming the typical horseshoe shape. The crystal structures of 
wild-type RT with TMC120 (PDB code 1S6Q) and R185545 
(PDB code ISUQ) are more similar to the structures of 
TMC125 presented here. TMC120 and R185545 adopt the 
more recognizable horseshoe conformation and have protein 
rmsd values between 0.5 and 0.7 A when compared to the 
wild-type structure of TMC125. 

Direct comparison of the cocrystal structures of RT 
with TMC278 reveals differences in protein conformation 
(Figure 4B). By alignment of the protein backbone Ca’s from 
110 residues in the NNIBP, the rmsd among wild-type RT 
with TMC278 presented here and the published structures 
2ZD1, 3BGR, and 2ZE2 varies from 1.1 to 1.2 A. Despite the 
large rmsd, the overall position and torsion of the pendent 
groups do not vary dramatically for TMC278, which suggests 
that TMC278 can bind to different conformations of the 
NNIBP such as conformations resulting from resistance 
mutations within the pocket. The main difference observed 
in conformation of TMC278 is the orientation of the acrylo- 
nitrile. In the structures presented here, the acrylonitrile is 
pointed “down” (relative to Y188) compared to the “up” 
position observed in the three previously reported structures. 
This difference in the position of the acrylonitrile possibly 
leads to differences observed with the protein itself. Sheets 
£9—610 show a significant change that is most prominent at the 
connector loop. As shown in Figure 4B, the position of Y183 
between the two wild-type structures varies. This large shift 
in Y183 may be due to the acrylonitrile turned into the “up” 
position, allowing for more extensive interaction with the side 


Figure 4. (A) Alignment of K103N RT with TMC125 presented in 
this report (light blue) and PDB code 1SV5 (green). The rmsd in 
aligned protein Ca atoms is 1.1 A. The dimethylcyanophenyl group 
is rotated ~50° between structures. The hydrogen bond between the 
secondary amine to the protein backbone is shown with a dashed 
line. (B) Comparison of the WT-TMC278 structure to crystal 
structures derived with an engineered RT. WT-TMC278 is shown 
in dark green, 2ZD1 (WT-TMC278) in gray, 3BGR (K103N/ 
Y181C-TMC278) in tan, 2ZE2 (L1001/K103N-TMC278) in light 
red. Residues 94—100 are omitted from the backbone trace for 
clarity. 


chain. It is unclear what effect the engineered RT has on the 
position of this loop and the orientation of the acrylonitrile. 
TMC125 and TMC278 have a high genetic barrier to 
forming resistance mutations and generally require multiple 
mutations to confer significant resistance.+°* Neither drug 
shows significant resistance to common point mutations 
K103N, Y1I81C, G190A, LIOOI, V179I, and Y188L which 
line the NNRTI pocket. Recently, E138R was identified as a 
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novel resistance-associated mutation to TMC278.* E138 is 
part of the p51 subunit that lines part of the NNIBP 
(Figure 2C). The pyrimidine core is found near E138, and 
the longer basic E138R side chain may have a negative effect 
on pyrimidine binding. Notably, both drugs maintain activity 
against the clinically relevant point mutation K103N. In these 
structures, the K103N mutation does not alter the binding 
mode of either compound (Table 2). A previous apo crystal 
structure of K103N mutant RT revealed an extra hydrogen 
bond within the collapsed NNIBP between N103 and Yle 
side chains. 14 


P. However, the length and angle of ibis 
yaaa bond are not ideal and thus the importance of over- 
coming this interaction for an NNRTI is debatable.’ Compen- 
satory interactions with K103N by an NNRTI may also aid 
toward a flat resistance profile. For example, recent crystal 
structures of GW4511 show that this compound is able to form 
extra van der Waals contacts with the K 103 amide side chain. "° 


| ure, the N103 amide located below the 
E linker possibly forms a favorable interaction at 3.3 Å 
between the aniline and amide. This interaction may help to 
reinforce the conserved hydrogen bond between the aniline 
linker and K101 carbonyl. In the K103N RT TMC278 struc- 
ture, this interaction may have additional benefit. The hydro- 
gen bond distances are slightly closer between the aniline linker 
to the amide side chain (3.1 A) K101 carbonyl (3.0 A), Perhaps 
these extra interactions with N103 help compensate for the 
loss of the Y188 hydrogen bond in the apo state. 


Experimental Section 


Protein Crystallization. HIV-1 RT from the HXB2D virus 
was expressed and purified in a manner described previously.’ 
A detailed description of the purification of HIV-1 RT for 
crystallization is available in the Supporting Information. Crys- 
tal trials were initiated with protein and inhibitor concentrations 
at 20 mg/mL and 400 uM, respectively, by hanging drop vapor 
diffusion at 20 °C. To obtain cocrystals with TMC125 and 
TMC278, previously grown cocrystals with nevirapine were 
used as seeds. The crystals with nevirapine were easily obtained 
by mixing 2 uL of RT/nevirapine solution with 2 uL of mother 
liquor containing 1.4 M (NH4)2SOq, 100 mM cacodylate, pH 
6.5, and 30 mM Na malonate. These crystals were used as seeds 
by removing one crystal and placing in fresh mother liquor. The 
crystal was crushed with a metal probe, and the seed solution 
was diluted into 50 wL of mother liquor. A small amount of this 
solution was next combined with fresh protein/inhibitor com- 
plex solution with TMC125 or TMC278. This procedure pro- 
duced small cocrystals of RT with TMC125 and TMC2738. This 
dilution seeding process was repeated once more using the res- 
pective TMC125 or TMC278 crystals as starter seeds to produce 
larger crystals for data collection. 
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